Due to the fragile pressure gradients present in the xylem and phloem, methods to study sap flow must be minimally invasive. Magnetic resonance imaging (MRI) meets this condition. A dedicated MRI method to study sap flow has been applied to quantify long-distance xylem flow and hydraulics in an intact cucumber (Cucumis sativus) plant. The accuracy of this MRI method to quantify sap flow and effective flow-conducting area is demonstrated by measuring the flow characteristics of the water in a virtual slice through the stem and comparing the results with water uptake data and microscopy. The in-plane image resolution of 120 3 120 mm was high enough to distinguish large individual xylem vessels. Cooling the roots of the plant severely inhibited water uptake by the roots and increased the hydraulic resistance of the plant stem. This increase is at least partially due to the formation of embolisms in the xylem vessels. Refilling the larger vessels seems to be a lengthy process. Refilling started in the night after root cooling and continued while neighboring vessels at a distance of not more than 0.4 mm transported an equal amount of water as before root cooling. Relative differences in volume flow in different vascular bundles suggest differences in xylem tension for different vascular bundles. The amount of data and detail that are presented for this single plant demonstrates new possibilities for using MRI in studying the dynamics of long-distance transport in plants.
Sap flow and hydraulic conductivity of long-distance xylem and phloem transport provide key information to validate biophysical structure-function plant models based on integrated carbon and water allocation. Such models are currently used to address plant performance and stress-induced effects (e.g. Daudet et al., 2002; Tardieu, 2005) , as well as to quantify the contribution of plant evapotranspiration and carbon exchange within global atmospheric circulation models (Sellers et al., 1997) . In xylem and phloem, the flowconducting surface area and the resistance within the vessel or tracheid connections determine hydraulic conductivity (Sperry et al., 2003) .
Using conventional methods, it is difficult to measure transport within intact plants or to determine the active flow-conducting area. In the phloem, xylem, and tissue surrounding them, complex and fragile gradients in pressure and osmotic potential exist that are easily disturbed by invasive experimentation (Verkman, 2000; Steudle, 2001; Koch et al., 2004) .
For several decades, heat tracer methods have been used to measure mass flow in the xylem, resulting in acceptable results if precautions against potential sources of errors are taken (Smith and Allen, 1996; Clearwater et al., 1999) . Calculations of mass flow rates from sap velocities obtained by heat pulse techniques, however, require a reliable estimate of sap-conducting surface area. Accurate measurement of the active conducting area is itself quite difficult. First results obtained by magnetic resonance imaging (MRI) flow imaging demonstrate clear diurnal changes in the active flow-conducting area of phloem and xylem. These changes could not be explained by pressure-dependent elastic changes in conduit diameter or by (xylem) embolisms . This may have consequences for the mass flow calculations based on results of heat pulse techniques. Changes in flow-conducting area can also be induced under environmental conditions, resulting in xylem embolisms. Xylem embolism is generally regarded as the primary effect of several environmental stresses, among which drought and freeze and embolism can even occur at conditions very close to those commonly experienced by plants in the field (Salleo et al., 2004 and refs. therein) . Therefore, a method is needed that allows for noninvasive measurement of sap flow and the active flow-conducting area in intact plants to study the dynamics (day/night, stress responses) therein.
NMR imaging (or MRI) is a promising and attractive method for providing spatially and temporally resolved quantitative information on water transport at different length scales-transport over membranes, cell to cell, and long distance-in intact plants (Van As, 2007) . Several groups have shown that MRI is suitable for sap flow studies at the single-vessel level (Schaafsma et al., 1992; Callaghan et al., 1994; MacFall and Van As, 1996; Kö ckenberger et al., 1997; Rokitta et al., 1999; Holbrook et al., 2001; Kö ckenberger, 2001; Scheenen et al., 2002; Clearwater and Clark, 2003) . However, only recently has information on active flow-conducting surface area been reported . Because the diameter of flow-conducting vessels and tracheids is small in comparison to the pixel size in MRI, a crucial step in quantification of the flow and the effective flow-conducting area is the discrimination and quantification of the amount of stationary and flowing water within a single pixel. Differences in the nature of the translational movement of stationary water in cells (only diffusion, with a random distribution of directions of displacements, which increase in value as a function of the root of time) and of flowing water in xylem or phloem (unidirectional displacements, which increase linearly as a function of time; Scheenen et al. 2000a Scheenen et al. , 2000b Scheenen et al. , 2002 Windt et al., 2006; Van As, 2007 ) allow them to be distinguished. Here, the accuracy of the method applied on an intact plant is demonstrated by validating the results of total xylem flow against water uptake data obtained by weight balance and results of flow-conducting area in single pixels against results obtained by light microscopy.
The phenomenon that various plants show rapid wilting when their roots are cooled and quick recovery after root temperature has returned to normal levels was reported as early as 1860 (Sachs, 1860) . Berndt et al. (1999) gave an overview of many studies on the subject through the years, concluding that the primary effect of root cooling was reduced water uptake caused by a quickly reversible fall in the radial conductance of the roots. A strong reduction in water uptake can cause the formation of xylem embolisms due to the effect of transient imbalances in water uptake and loss (transpiration) on xylem tensions.
Current techniques for studying both embolism formation and the as-yet-unresolved issue of whether and how repair might occur are not fully up to the task because they are invasive and/or destructive. Embolisms in xylem vessels in roots and leaves, frozen while still attached to the plant, have been studied with cryoscanning electron microscopy (e.g. Canny, 1997; Berndt et al., 1999; Buchard et al., 1999; McCully, 1999; Pate and Canny, 1999) . Some questions have been raised about the observations with the cryoscanning electron microscopy technique itself (Cochard et al., 2000; Richter, 2001) . Alternatively, measurement of changes in hydraulic conductance in excised parts of the plant (twigs, leaf, and petioles) after inducing xylem embolism, sometimes followed by a preestablished recovery time, has been used (e.g. Sperry et al., 1988; Salleo et al., 2004) . Based on such destructive measurements, it has been suggested that embolism formation and repair in the xylem is a continuous process occurring within 1 d (Salleo et al., 2004) .
Many hypotheses for embolism-refilling mechanisms have been proposed (e.g. see Salleo et al., 2004; Hö lttä et al., 2006) , but complete understanding of the mechanism for repair is still lacking. There are lots of things we need to know about repair (e.g. how fast it occurs, which vessels, under what conditions). This should preferably be studied noninvasively in the intact plant situation (Holbrook and Zwieniecki, 1999; Tyree et al., 1999) . Here, the noninvasive nature of MRI is explored to study the formation and repair of xylem embolisms in the stem of a mature, intact cucumber (Cucumis sativus) plant during and after root cooling, by resolving the dynamics of sap flow rates (both for the entire stem and for individual xylem vessels) and flow-conducting area.
RESULTS
Overall Response of the Plant to the Day/Night Cycle and Root Cooling Figure 2 shows the root water uptake rate (mg/s) for the complete period of time that the plant was in the instrumental setup (compare with Fig. 1 ), starting at 8 PM on day 1. During the day (lights on), transpiration of the plant clearly elevated water uptake by the roots. The light intensity on day 2 was low to allow the plant to recover from transportation and insertion in the setup. From day 3 on, illumination was kept constant at about 200 mmol m 22 s 21 (photosynthetically active radiation), depending on the position of the leaves. MRI flow measurements were started on a regular interval to follow the adaptation of the plant. From day 5 on, MRI flow measurements were repeated at shorter time intervals.
The values for total volume flow (compare with Fig.  2) , calculated from the MRI measurements (see next section), are indicated as diamonds and white crosses. Diamonds represent values from conventional measurements in which motion-encoding gradients are stepped equidistantly before Fourier transformation into a propagator (Scheenen et al., 2000a) . These values turned out to be systematically too small for higher flow velocities because, at the actual experimental settings, displacements up to a maximum of 150 mm during the labeling time (corresponding to a maximum velocity of 16 mm/s) were covered. This explains the observed results on days 5 and 6, which are about constant, independent of the increase in flow and thus velocity. At reduced velocities (during day 5 after cooling and days 6 and 7 at night), these conventional MRI flow results fit the actual root water uptake rate. This limitation was circumvented by stepping the motionencoding gradients nonlinearly, thereby probing higher velocities more accurately (up to a maximum displacement of 400 mm, corresponding to a maximum velocity of about 40 mm/s; Scheenen, 2001) . The calculated volume flow values of the latter measurements, indicated with the white crosses in Figure 2 , clearly fit the rate of root water uptake as measured with the balance.
From days 3 to 6, the plant grew about 20 cm in length, which is noticeable by a steady increase in water uptake values of the plant during this period. Therefore, the intensity of light for the young upper leaves was certainly higher than 200 mmol m 22 s 21 during days 5, 6, and 7. The roots of the plant were cooled on day 6 from 12:20 PM to 4:20 PM. Water uptake decreased during this period to values below those measured the night before root cooling. Also, uptake the night following cooling reduced to approximately the values as observed during day 1, while the plant was recovering from transportation and insertion in the setup.
During root cooling, transpiration turned out to exceed water uptake, resulting in a net water loss that caused severe wilting of all leaves and the top of the stem (visual inspection; data not shown). After warming the roots to room temperature, water uptake recovered only partially (Fig. 2) , but the plant restored turgor completely (visual estimation) within 2.5 h (except for the upper three small leaves that got damaged by the light in the absence of transpiration). This observation points to rapid, at least partial, recovery of the radial conductance of the roots upon rewarming (Berndt et al., 1999) . However, the decreased water uptake values in the days after root cooling reflected decreased transpiration levels. With unchanged conditions in the climate chamber, this indicates a (regulated?) increase in either the stomatal, stem, and/or root hydraulic resistance of the plant.
NMR Imaging of the Plant Stem
Results from four MRI measurements are shown in Figure 3 , together with light microscopic images of a thin, hand-cut slice of the stem through the imaging plane (made after the MRI study). The different tissues indicated in the microscopic image of a part of the plant stem (Fig. 3A) can be recognized in both an image of the NMR spin-spin relaxation time T 2 (Fig .  3B ) and an image of the water content of the virtual MRI slice (Fig. 3C ). The NMR single-parameter maps in Figure 3 , B and C, are a result of the analysis of a multiecho imaging experiment (Edzes et al., 1998) . The large voids in the center of both images represent the empty pith cavity of the stem. The stele of the stem with large parenchymal cells contains four large and five smaller bicollateral vascular bundles in which individual xylem vessels can be discerned. The large parenchymal cells have relatively long T 2 values, whereas the vascular bundles, with smaller cells, have shorter T 2 values. The individual xylem vessels can be seen as high-intensity dots in the water content image and long T 2 values inside the vascular bundles. The two circles on both sides of the stem in the NMR images are reference tubes filled with aqueous MnCl 2 solutions to shorten the spin-spin relaxation time of the water (doped water). The spin-spin relaxation times have been chosen to be comparable to the spin-spin relaxation times of water in the xylem vessels. In this way, the intensity of water in the reference tubes can be used directly for flow quantification.
Although only one thin transverse slice of the stem (at 35 cm from the roots) with a thickness of 3 mm was visualized in the NMR images, the cause of increased hydraulic resistance could immediately be found. Figure 3 , C to E, represents the water content at different points in time, revealing cavitated vessels due to root cooling. The signal intensity of the lower right reference tube in these images is slightly attenuated due to saturation of the NMR signal in this tube. The red arrows in Figure 3D indicate four vessels (two embolizing vessels at arrow I) that were filled with water before root cooling (t 5 130 h; Fig. 3B ), empty 3.7 h after the period of root cooling (t 5 140 h; Fig. 3C ), and refilled again in the last night of the experiment (t 5 170 h; Fig. 3D ). Figure 3F is an enlarged view (light microscopy) of the embolized vessel indicated with arrow II in Figure 3D . The time course of embolism formation and refilling of these vessels will be examined in detail later. Figure 3 , G to J, summarizes the results of one flowimaging experiment: total amount of water per pixel (Fig. 3G) , amount of stationary water per pixel (Fig.  3H) , volume flow per pixel (Fig. 3I) , and an overlay image of the volume flow (Fig. 3I ) and the amount of stationary water (3 h; Fig. 3J ). In addition, images representing the amount of flowing water and the linear flow velocity of the flowing water are available (data not shown). It is clear from Figure 3I that only a few large xylem vessels are responsible for most of the total volume flow through the slice. The sum of the volume flow of all pixels with flowing water represents the total volumetric water uptake through the slice, which corresponds with water uptake by the roots, measured with the precision balance, as presented in Figure 2 and discussed before.
Instead of presenting the total sum of the volume flows of the flow-containing pixels, MRI flow imaging allows detailed study of the flow behavior in individual pixels or vessels. In the next section, we present detailed flow characteristics in time of some selected, small clusters of pixels in the images containing individual vessels or a small number of vessels. These Figure 3 . Cross sections through the stem of the cucumber plant. A, Light microscopy of the bottom right vascular bundle. ep, Epidermis; co, cortex; scl, sclerenchyma; ste, stele; vb, bicollateral vascular bundle; x, xylem; phl, phloem; pi, pith. B, NMR image of the spin-spin relaxation time at t 5 170 h, calculated from a multiecho imaging experiment (Edzes et al., 1998) . C to E, NMR images of the water content of the slice at three different points in time: at t 5 130, 140, and 170 h, respectively. In D, red arrows indicate cavitated vessels. The blue arrow indicates a vessel that starts flowing after the root-chilling experiment and is monitored in time in Figure 5F . Enlarged view of the bottom right vascular bundle. The xylem vessel, indicated with the red arrow, is an embolizing vessel and is monitored in time in Figure 4 , together with vessels v1 and v2. G to I, NMR images of some of the flow characteristics extracted from the propagators of every pixel: total amount of water, amount of stationary water, and volume flow, respectively. The colored scales in C, D, E, G, and H indicate an amount of water, relative to the reference tube (51); the scale in I indicates the volume flow per pixel in mg/s. J, An overlay image of the volume flow (I) and the total amount of water (H). Experimental parameters: field of view, 15.4 mm; resolution, 120 3 120 3 3,000 mm; measurement time, 21 min. pixels have been selected to demonstrate the quite diverse response to root cooling: about unaffected or slightly increased flow, embolized and refilling (but not yet functional), and nonflowing (filled) starting to flow. The flow characteristics in these pixels were very comparable in both the conventional and the optimized flow measurements (Fig. 2, diamonds and crosses) .
Induction and Refilling of an Embolism
The flow characteristics in time of one of four embolisms that were visible in the measured slice are examined in more detail here. The signals from five pixels, containing the embolizing vessel, indicated with the bottom red arrow (arrow II) in Figure 3 , D and F, were added and reanalyzed as described by Scheenen et al. (2000b) . The signals from an area of nine pixels, adjoining the five-pixel area that contained the embolizing vessel, and containing vessels v1 and v2 from Figure 3F , were also analyzed separately. In Figure 4 , the flow characteristics are presented for both areas from the night before root cooling until the end of the experiment. Volume flows are shown in Figure  4A , amounts of water in the two areas for the unembolized vessel in Figure 4B , and the embolized vessel in Figure 4C . The formation of an embolism is clearly visible: Halfway through root cooling, the volume flow (Fig. 4A, squares) and the amount of flowing water (Fig. 4C, triangles) abruptly fell to zero. The total amount of water in the area with the embolizing vessel dropped from around 20 3 10 22 to 10.4 3 10 22 mm 3 in about a 3-h period and remained at this value for 12 h until about 4:30 AM that morning. Then, it took 13 h for the selected area to be refilled with 7.7 3 10 22 mm 3 water (50.64 3 10 22 mm 3 /h): The cross-sectional area of flow of the embolized vessel was 7.7 3 10 22 /3.0 (slice thickness) 5 2.6 3 10 22 mm 2 . The cross-sectional area of that vessel, calculated from the light microscopic picture, was 3.0 3 10 22 mm 2 . Water transport in this vessel was not restored within the experiment.
The flow characteristics of nine pixels immediately adjoining the refilling vessel (with vessels v1 and v2; Fig. 3F ) were hardly affected by the formation and refilling of the embolism. According to the HagenPoiseuille law for laminar flow (Bird et al., 1960) , the volume flow through a circular tube or vessel is related to the radius by the power of 4. This relation clarifies why the volume flow of the unaffected nine-pixel area was smaller than the volume flow of the embolizing vessel (Fig. 4A) , whereas the amount of flowing water of v1 and v2 was larger (compare Fig. 4, B and C) . The cross-sectional area of flow for v1 and v2, calculated from light microscopy, was 2.2 3 10 22 mm 2 and 1.4 3 10 22 mm 2 . Although the vessels are not perfectly circular, the Hagen-Poiseuille law can be used to estimate the xylem pressure difference DP x over the vessels, which was assumed to be equal for v1, v2, and the embolizing vessel. DP x of the embolizing vessel (Fig. 3, v2) , before root cooling, needed to drive 0.49 mg water per second through a 0.2-mm-diameter vessel (estimated from a cross-sectional area of flow of 3.0 3 10 22 mm 2 ), is 14 Pa/mm. Table I summarizes the kinetics of refilling for all vessels indicated with the red arrows in Figure 3D . The flow characteristics of the embolizing vessel in Figure  4 , which were calculated from the alternative flow measurements (Fig. 2, white crosses) , corresponded . Flow characteristics of two small neighboring areas of which one contains an embolizing vessel (area of five pixels) and the other contains at least two vessels unaffected by root cooling (area of nine pixels). The areas are indicated as highlighted pixels in two enlarged parts of the image (A, inset). A, Volume flow of both vessels in time: Squares represent the embolizing vessel, diamonds indicate the unaffected vessel. B, Total amount of water (diamonds), amount of stationary water (squares), and amount of flowing water (triangles) of the unaffected vessel. C, Total amount of water (diamonds), amount of stationary water (squares), and amount of flowing water (triangles) of the embolizing vessel. The second y axis on the right side of graphs B and C represents the averaged water amounts in mm 3 for one pixel in the selected area. Crosses through some specific points indicate the results obtained by the nonlinearly motion-encoded measurements (compare with the white crosses in Fig. 2) . The day/night cycle is indicated with large gray boxes during the night hours. Two horizontal and one sloping black line through the data of the total amount of flowing water in C have been used to calculate the refilling speed as presented in Table I . Two vertical black lines indicate the period of root cooling.
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Start of Flow in a Xylem Vessel
Apart from embolizing vessels, a vessel in which flow started after root cooling could also be found (Fig.  3D , blue arrow). Figure 5 reveals the flow characteristics of a selected area containing this vessel (five pixels) and of a neighboring area (six pixels), transporting water throughout the complete experiment. Even on day 3, around t 5 67, there is no water transport in the selected area (data not shown). At t 5 152 (2 h after the lights had been turned on; compare with Fig. 5 , A and C) water transport in the vessel started and increased to 0.2 mg/s in 6 h. The total amount of water in the relevant area remains constant throughout the experiment: Before t 5 152, all water was stationary; then about one-third of the water starts flowing (Fig. 5C) . The cross-sectional area of flow of this vessel was 2.7 3 10 22 mm 2 , calculated from the NMR measurements, and 3.0 3 10 22 mm 2 , calculated from Figure 3F , corresponding with a circular vessel diameter of 0.2 mm. To obtain a volume flow of 0.2 mg/s, a DP x of 6 Pa/mm is needed.
The amount of stationary and flowing water of the area next to the restoring vessel (at a distance of 0.5-0.6 mm) was not influenced by the restoration of flow or root cooling (Fig. 5B) . However, the volume flow of this area on the day after root cooling was larger compared to the transpiring period before root cooling and the hours just after root cooling on day 6. DP x over 1 unit length of the xylem vessel in this area was larger on day 7 than on the day of root cooling (day 6).
DISCUSSION
The accuracy of MRI to quantify sap flow and effective flow-conducting area is deduced from the comparison of the flow characteristics of the water by MRI with the results obtained for root water uptake and optical microscopy of the vessel dimensions. When proper MRI settings are used, the MRI flow results are in close agreement with the results obtained by monitoring the root water uptake (Fig. 2) . Care has to be taken to cover the full dynamic range of the sap velocity. This can easily be reached either by adjusting the MRI settings or by stepping the motion-encoding gradients nonlinearly, as applied here (Scheenen, 2001) . Successful discrimination of stationary and flowing water in a single pixel is demonstrated by the agreement between the calculated cross-sectional area of some large vessels based on the MRI results and microscopic inspection (Table I) : Parameters obtained by MRI range within 10% of those from microscopy. To the best of our knowledge, no other method is at present available to obtain this type of data in intact plants.
The development of the overall water uptake by the cucumber plant in the instrumental setup before root cooling indicates that the plant is healthy and growing (Fig. 2) . The difference in water uptake between just before and 1 d after root cooling suggests a reduction in the rate-limiting hydraulic conductance of the plant. The decrease in radial conductance of the roots and increase in viscosity of the water (accounting for a decrease in flow by about 40%) by cooling is, at least partially, rapidly reversed on rewarming (Berndt et al., 1999) and the shoot quickly recovers from its water loss. This indicates that the hydraulic conductance of the stem is still sufficient to supply the shoot with water. The observation that a number of vessels show very comparable flow rates just before and the day after root cooling (Figs. 4A and 5A) even indicates complete restoration of hydraulic conductance for this pathway. However, the hydraulic conductance of the stem is reduced by the formation of embolisms, blocking water transport. In the 3-mm-thick virtual slice that was studied, four embolizing vessels were found (Fig. 3) . In addition to the embolizing vessels, one vessel was found that was not flowing before root cooling and that started flowing afterwards. How many other vessels had been embolized at different positions in the stem (or in the roots and leaves) is unknown.
Investigating the temporal dynamics of embolizing vessels in more detail in Figure 4 revealed a few interesting phenomena. First, embolism formation, as observed on the basis of the drop in amount of flowing water (Fig. 4B) took about 3 h. This is unexpectedly long. Second, large embolized xylem vessels in the stem of the plant were refilled and the time scale of refilling is long; it took 5, 13, and 14 h to refill a length of only 3 mm (the observed slice) of the embolized vessels. Third, refilling occurred while nearby tissue and vessels were under tension, or at least functioned normally under the applied conditions.
The speed of refilling was on the order of 0.6 3 10 22 mm 3 /h. Having comparable refilling speeds, the smaller embolized vessel refilled faster (in the observed slice). Extrapolated linearly, it would take 17 to 47 h for every centimeter of a vessel to be refilled with water. Although it is not possible to resolve whether the speed of refilling is constant over a complete vessel from the presented data, it is clear that refilling of an embolized vessel in the stem of a cucumber plant under the applied environmental conditions is a slow process. This is contrary to what has been concluded for petioles of sunflower (Helianthus annuus; Canny, 1997) , the primary root of squash (Cucurbita pepo) plants (Berndt et al., 1999) , young stems of laurel (Laurus nobilis; Tyree et al., 1999; Salleo et al., 2004) , and the roots of maize (Zea mays) plants (Facette et al., 2001) . However, it is in agreement with predictions from model calculations for large-diameter vessels. In these models, it is assumed that a driving force for refilling embolized vessels is generated by turgor of the living cells adjacent to the refilling vessel in combination with a reflection coefficient below 1 for the exchange of solutes across the interface between adjacent cells (Vesala et al., 2003) or as a consequence of Mü nch water circulation, thus phloem driven (Hölttä et al., 2006) . This long refilling time is a plausible reason why we did not observe restoration of flow in embolized vessels in our experiment: The time scale of complete refilling is simply too long. Vessels, embolized because of root cooling on day 6, were not completely refilled by the end of the experiment. The vessel in which flow started on day 7 had not been transporting water for at least 4 d. An embolism below or above the slice in this conduit might have been induced while setting up the experiment. We have to conclude that to study refilling of embolized vessels we really need information on the flow and flow-conducting area in addition to the amount of water. The latter parameter had been used before (Holbrook et al., 2001; Clearwater and Clark, 2003) , but turns out here to be insufficient.
Refilling occurred while nearby tissue and vessels functioned normally under the applied conditions. The area adjoining an embolizing vessel at a distance no more than 0.4 mm was unaffected by embolism formation and refilling of the neighboring vessel (Fig.  4B) . One explanation for this observation could be that water in the refilling vessel is completely isolated from water in surrounding vessels, as was hypothesized and investigated before (Holbrook and Zwieniecki, 1999; Zwieniecki and Holbrook, 2000; Salleo et al., 2004 ). An additional mechanism could be that the embolized vessels are not hydraulically isolated and that the driving force for refilling the vessels is root pressure (Steudle, 2001 ) and/or phloem driven (Salleo et al., 2004; Hölttä et al., 2006) . The uptake of nutrients into root vessels could provide increased osmotic pressure, forcing water into embolized vessels. The embolized vessel would behave as an exuding excised root. During refilling, the vessel also feeds neighboring intact vessels with water, which could be the reason for the long time intervals of refilling. Phloem or Mü nch water-driven refilling could be studied by measuring the phloem transport and Mü nch counter flow at the same time .
The volume flow of vessels v1 and v2 (Fig. 3F ) was constant in the hours with lights on before root cooling on day 6, throughout days 7 and 8 (Fig. 4A) . However, Figure 5 . Flow characteristics of two small neighboring areas (Fig. 3D , blue arrow) of which one contains a vessel in which flow starts after the root-cooling period (area of five pixels) and the other contains at least one vessel, unaffected by root cooling (area of six pixels). The moment at which flow is started is indicated with a large arrow in graphs A and C. As in Figure 4 , the areas are indicated as highlighted pixels in two enlarged parts of the image in the inset of A. A, Volume flow of both vessels in time: Squares represent the restoring vessel and diamonds indicate the unaffected vessel. B and C, Total amount of water (diamonds), amount of stationary water (squares), and amount of flowing water (triangles) of the unaffected vessel and the restoring vessel, respectively. Again, the second y axis on the right side of graphs B and C represent the averaged water amounts in mm 3 of one pixel in the selected area, the crosses through points indicate deviant measurements (compare with the white crosses in Fig. 2) , and the day/night cycle is indicated with large gray boxes during the night hours. Two vertical black lines indicate the period of root cooling.
the volume flow of vessels near the vessel in which flow was restored was around 50% larger on days 7 and 8 compared to day 6 before root cooling (lights-on periods; Fig. 5A ). These relative differences in volume flow (and therefore also in DP x ) suggest discrepancies in xylem tension between separate vascular bundles or discrepancies in hydraulic resistances between vessel walls in the vascular bundles. Differences in hydraulic resistances of vessel walls will also influence the amount of water fed to an intact vessel from a refilling vessel and thereby influence the speed of refilling.
Although we report observations of only one plant in this study, the amount of data and detail that is presented clearly demonstrates the new possibilities of the used MRI method in plant science. In future work, the combination of MRI and physiological measurements (e.g. a xylem or tissue pressure probe providing absolute values of xylem pressure during embolism formation and refilling, root pressure, transpiration normalized on leaf area, etc.) is needed to further clarify the mechanism of refilling. Changing the osmotic pressure in the root medium might induce a response in the rate of refilling, which could indicate the possible role of root pressure. The effect of cold girdling of part of the stem (Peuke et al., 2006) and adding phloem flow results in addition to xylem flow could further indicate the role of starch-to-sugar conversion and transport into embolized conduits, assisted by phloem-driven radial, mass flow (Salleo et al., 2004) . Probing radial water motion in refilling vessels with MRI could monitor whether refilling vessels are feeding intact vessels with water. Threedimensional MRI could resolve the air bubble and its shape in time during refilling.
Here, we have shown a substantial leap forward in studying dynamics in long-distance sap flow transport and flow-conducting area. The accuracy, amount of data, and detail that are presented, in combination with the suggestions of additional MRI experiments, of this single plant in response to changes in environmental conditions stress new possibilities of the use of MRI methods for intact plant studies. It demonstrates the potential to further unravel the mystery of embolism formation and repair during normal and stress conditions.
MATERIALS AND METHODS

Plant Material and NMR Imaging Setup
Twenty-four-day-old, commercially grown cucumber (Cucumis sativus 'Hurona') plants were transferred from rock wool to an aerated, one-half Hoagland solution and grown for 5 weeks in a greenhouse at Wageningen University. A cylindrical jacket around the upper 10 cm of the roots maintained horizontal root expansion within a 4.5-cm diameter to facilitate insertion into the gradient probe of the instrumental setup. Flowers were pinched out and occasionally the bottom leaves of the plants were cut to clear the lower 50 cm of stem from leaves. Three days before the start of the measurements, one of the plants (approximately 1.6 m tall) was selected and moved from the greenhouse to the laboratory. A plastic mold was placed around the plant stem (approximately 35 cm from the roots) and a solenoid (15-mm diameter) was wound on this mold. Capacitors for tuning and matching fixed on a plastic support for attachment to the stem were connected to the coil to form a tuned circuit or radiofrequency (RF) probe for detection of the MRI signal. The roots of the plant were put through the 4.5-cm cylindrical bore of a gradient probe (Doty Scientific). Finally, the gradient probe, containing the plant with the RF probe, was positioned in a 0.7-T electromagnet (Bruker; Fig. 5 ). MRI experiments were performed with an SMIS console (SMIS Ltd). Water uptake by the roots of the plant was measured with a precision balance (LC3201D; Sartorius AG), sampling the average differential weight of the container with growth medium every 30 s. A heat exchanger in the container was able to cool and reheat the roots from 22°C to 3°C or vice versa in 5 min. The temperature in the climate chamber above the magnet was 25°C 6 2°C during the photoperiod (from 6 AM to 9 PM, relative humidity 65% 6 5%, illumination about 200 mmol m 22 s 21 photosynthetically active radiation, depending on position of the leaves) and 22°C 6 2°C at night.
NMR Imaging Pulse Sequence and Analysis
The diameter of the xylem vessels in the vascular bundles of a cucumber plant ranges between 0.02 and 0.35 mm (Reinders, 1987) . With an in-plane spatial resolution of 120 3 120 mm 2 , the flow profile of water per volume element (or pixel) of an image cannot be predicted because a pixel of a transverse image of a cucumber plant stem may contain a few small vessels, one or two larger vessels, or only a part of one of the larger vessels. Therefore, the complete distribution of water displacements within a certain labeling time (called a propagator) in the vertical direction was acquired for every pixel. Only the vertical component of water flow along the plant stem was measured: Water flow in the horizontal plane, possibly present when water flows from one vessel to the other, or as a component of water flowing in a nonaligned vessel, did not contribute to the propagator. A pulsed-field gradient turbo spin-echo pulse sequence (Scheenen et al., 2000a ) was used to perform the experiment within a physiologically relevant interval of 21 min. A crucial step in flow quantification is the discrimination between stationary and flowing water. The fact that the propagator for stationary water is symmetrical around zero displacement due to diffusion and that for flow is unidirectional with respect to zero displacement was used to separate the stationary from the flowing water. The signal in the nonflow direction was mirrored around zero displacement and subtracted from the signal in the flow direction to produce the displacement distribution of the flowing water. The signal amplitude is proportional to the density of the mobile protons, so the integral of the propagator provides a measure for the amount of water. Signal amplitude calibration is based on the signal of pure water present in reference tubes. The average velocity of the flowing water was then calculated using the amplitude weighted average of the velocity distribution. The volume flow rate or flux is calculated by taking the integral of amplitude times displacement of the velocity distribution. Using this approach, the following flow characteristics were extracted from the propagators for every pixel as described by Scheenen et al. (2000b) : total amount of water, amount of stationary water, amount of flowing water, mean linear velocity of flowing water, and volume flow. Based on the flow characteristics per pixel, individual vessels could be identified and the flow characteristics were recalculated after summation of all pixels containing individual vessels. In this way, the flow characteristics of single pixels, individual xylem vessels, and complete vascular bundles could be monitored in time. The 21-min flow measurements were alternated with multiecho imaging experiments (Edzes et al., 1998 ; measurement time, 13 min) to calculate the spin-spin relaxation time T 2 and, again, the water content of the slice. This results in an overall time resolution of 34 min.
